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(S7> Abstract: An electroluminescent device is disclosed wbich has an electron conductor fabricated from a stable low electron 
affinity substance in combination with an emitting species and a hole conductor. The hole conductor and the electron conductor 
transport to opposed sides of the emitting species holes and electrons respectively that cause the emitting species to undergo a quan- 

^ s turn change of state and generate light. In one embodiment the electron conductor is comprised of a plurality of structured particles, 
each in electrical commimication with each other, where the plurality of structred particles are small enough so as their properties 

]'^^ deviate from the bulk: properties of the substance from which the structured particles are fabricated. In this embodiment the plurality 
_ of structured particles are also crystalline in nature. The plurality of structured particles are also in contact with an emitting species 
and act as an electron conductor. Another embodiment of the electroluminescent device iises more than one of plurali^ of structured 
particles, more than one emitting species and more than one bole conductor, such that each combination of one plurality of structured 
particles, emitting species, and hole conductor emits a different predetermined wavelength of light. 
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electroluminescent Device Having a Structured Particle electron Conductor 

Background of the invention 
This invention relates to electroluminescent devices and, in particular, to an 
5 electroluminescent device which uses a low electron affinity electron conductor as the 

electron transport device to facilitate the generation of light. 

Electroluminescent devices can be used in display applications 
interchangeably with liquid crystal devices C"LCDs") and cathode ray tubes C"CRTs")> 
among others. Applications for electroluminescent devices, LCDs and CRTs are 
10 expanding and include medical, consumer, and communication applications to name a 

few. However, electroluminescent devices have cornered only a small share of this 
expanding market. This is partly due to various deficiencies of the electroluminescent 
devices currently on the market. 

One type of electroluminescent device uses impact ionization to cause 
15 luminescence within an electronic material. In general, these devices apply an 

electron voltage to induce a photon emission from the electronic material, which can 
include a host solid, such as ZnO or ZnS, and metals placed within a host lattice, such 
as rare earth metals. These devices generate a large quantity of heat, and thus have a 
short life time. Another type of electroluminescent device uses avalanche excitation 
20 and tunnel injection mechanisms to cause the lvm:iinescence. These devices 

demonstrate similar limitations. All these devices also have high power requirements. 

Another type of electroluminescent device that uses inorganic elements relies 
on injecting minority carriers into a solid state material, such as GaAs or GaP, to 
cause recombination in the majority carrier region and the emission of a photon. The 
25 color spectrum that these devices can emit is usually limited to the band-gap of the 

solid. Although the introduction of GaN has extended the emissions of these 
electroluminescent devices to the blue portion of the spectrum, the electroluminescent 
devices require quantum wells for fabrication to increase the energy of the emitted 
light. Thus, the devices that can emit colors from all portions of the visible spectrum 
30 are expensive to fabricate. 

Organic electroluminescent devices have several advantages over the 
inorganic devices in that they are easier to fabricate and have a greater efficiency by 
an order of magnitude. Organic electroluminescent devices also require lower 
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voltages and can emit light throughout the visible spectrum. The cathode element of 
the organic electroluminescent devices still exhibits several problems. The cathode is 
usually fabricated from a substance that has a low work function, such as alkaline 
metals and alkaline earth metals, for example. However, many metals spontaneously 
oxidize when exposed to oxy^n. A thin layer of the oxide is formed on a surface of 
the cathode, usually on the surface juxtaposed to the electroluminescent device. The 
oxidation diminishes the amount of free electrons available to be transported into the 
electroluminescent device. 

Moreover, the electron mobility of the electron conductor in the organic 
electroluminescent device is fairly low. Thus, the organic devices, while exhibiting a 
higher efficiency overall, have poorer electron transport characteristics when 
contrasted with an electroluminescent devices that has an inorganic electron 
conductor. 

Another problem associated with an electron transport material in the organic 
electroluminescent device is that it generates heat when an electric field is created 
across the device. Heat results in a loss of efficiency and long term degradation of the 
electroluminescent device. Efficiency is decreased because any energy released as 
heat cannot then be used to generate luminescence, hi addition, the resistivity of the 
electron transpK>rt material will increase with the increase in temperature and not 
conduct the electrons as efficiently. Further, the heat leads to long term degradation 
of the device owing to creation of short circuits through the conducting organic 
elements, creation of gas pockets formed at the metal-organic interface caused by the 
loss of adhesion of the organic substance to the metal substance acting as the cathode 
or electron transport material, and crystallization of any hole conducting molecules. 

One approach to solving the stability problem associated with a cathode 
fabricated from metal involves using an alloyed metal as the cathode. While this may 
improve the oxidation problems, the electroluminescent device still suffers from 
stability problems due to fabricating the cathode adjacent to organic materials. The 
difficulty of fabricating the electroluminescent device is increased when the cathode 
is a crystalline metal. Moreover, such devices usually require a permanent seal to 
gueird against degradation. Thus, such devices become even more costly to fabricate 
and still are not very robust. 
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Accordingly it is an object of this invention to provide an electroluminescent 
device that is more stable and has a longer life time. 

It is also an object of this invention to provide an electroluminescent device 
that has lower power requirements. 

It is a further object of this invention to provide an electroluminescent device 
that decreases the generation of heat. 

It is another object of this invention to provide an electroluminescent device 
that can be fabricated using less expensive fabrication techniques while having a high 
efficiency. 

It is another object of the invention to provide an electroluminescent device 
that has the ef&ciency characteristics of an organic electroluminescent device or 
better while providing an electron conductor that has the mobility more like that of an 
inorganic electron conductor. 

It is another object of this invention to provide an electroluminescent device 
with a low work function cathode. 

These and other objects of the invention will be obvious and will appear 
hereinafter. 

Summary of the Invention 

The aforementioned and other objects of the invention are achieved by the 
invention that is versatile and amenable for use in a variety of devices. Examples of 
such a device are a digital watch face or a car radio display. In one embodiment, the 
electroluminescent device comprises a hole conductor, an electron conductor, and an 
emitting species. The hole conductor is fabricated from an organic substeuice adapted 
to carry holes to the emitting species. The electron conductor has a low electron 
affinity. It is adapted to carry electrons to the emitting species. The emitting species 
is interposed between the hole conductor and the electron conductor adapted to 
receive electrons and holes that cause the emitting species to undergo a quantum 
change of state and generate light. The two transport elements the electron conductor 
and the hole conductor can perform charge transport in parallel within 
different positions in the electroluminescent device. 

In the preferred embodiment, the electron conductor comprises a plurality of 
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structured particles in electrical communication with each other. The plurality of 
structured particles transports electrons to the emitting species. TTie plurality of 
structured particles is chosen or engineered such that they are conducive to charge 
transport, for example by having a high electron mobility and a low^ w^ork function. 
They are also chosen or engineered such that they facilitate luminescence in the 
emitting species, hi one embodiment each of the plurality of structured particles is 
crystalline in nature, while the electron conductor comprised of the plurality of 
structured particles is amorphous in nature. 

The emitting species can also be a plurality of luminescent structured 
particles, which is likewise engineered to exhibit predetermined properties. 

Another embodiment of the electroluminescent device further includes the 
addition of a cathode in electrical communication with the electron conductor, a hole 
conductor in contact with the emitting species, and an anode in electrical 
communication with the hole conductor. In this embodiment the cathode provides the 
electrons to the electroluminescent device under the application of an applied bias. 
This embodiment can be fabricated in layers such that, in sequence, the 
electroluminescent device comprises the cathode, the electron conductor having the 
plurality of structured particles, the emitting species, the hole conductor, and the 
anode. 

hi an embodiment the emitting species is not layered at as an integrated 
device. This embodiment is easily fabricated. After the plurality of structured 
particles is formed, the emitting species diffuses between the plurality of structured 
particles. The hole conductor can be similarly disposed in the electroluminescent 
device. Further, one can place one electrolixminescent device of this embodiment 
adjacent to a second electroluminescent device of this embodiment, up to N such 
devices. The resulting electroluminescent device is a composite of more than one 
emitting species, more than one plurality of structured particles and more than one 
hole conductors. Thus, it can emit more than one wavelength of light. For example, 
the electroluminescent device can comprise, in sequence, a first emitting species that 
emits red light disposed in a first plurality of structured particles, a second emitting 
species that emits blue light disposed in a second plurality of structured particles, and 
a third emitting species that emits green light disposed in a third plurality of 
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Structured particles- Thus, the electro Ivuninescent device emits red, blue, and green 
light and has many applications well known in the art, such as lab-top displays. 

In a further embodiment, the fionction performed by the hole conductor can be 
performed by the emitting species, for example, thus, the hold conductor can be 
5 eliminated. 

In further aspects, the invention provides methods of use in accord with the 
apparatus described above. 

The aforementioned and other aspects of the invention are evident in the 
drawings and in the description that follows. 

lO 

Brief Description of the Drawings 
The foregoing and other objects of this invention, the v£u:ious features thereof, 
as well as the invention itself, may be more fully understood from the following 
description, when read together with the accompanying drawings in which: 
1 5 Figure 1 is a block diagram of an electroluminescent device in accordance 

with an embodiment of the invention; 

Figure 2 is a block diagram of a second embodiment of the invention; 
Figure 3 is a block diagram of a third embodiment of the invention; and 
Figure 4 is a block diagram of a fourth embodiment of the invention. 

20 

Detailed Description of the Drawings 
While the present invention can be fabricated with numerous different 
materials and embodied in a wide variety of forms, it is described herein in four 
preferred forms. Though these are the preferred embodiments and will be described 
25 as such, one skilled in the art will realize that there are numerous different 

configurations that can be employed other than those described herein and, therefore, 
these preferred embodiments should be considered illustrative and not restrictive. 

Figure 1 depicts an electroluminescent device 1 0 constructed in accordance 
with the invention. The electroluminescent device 1 0 comprises in sequence an 
30 electron conductor 12, an emitting species 14 and a hole conductor 16. 

The electron conductor 12 acts as the electron transport material. The electron 
conductor is fabricated from a substance that is relatively stable, has a low electron 
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affinity euid lias sufficient conductive properties to transport electrons to tfcie emitting 
species 14. In the preferred embodiment, the electron conductor 12 is also comprised 
of a plurality of structured particles 20. 

As this term is used herein structured particles denotes particles of any 
substance that has dimensions small enough such that the properties of the particles 
begin to deviate from the bulk properties of the substance. The most important 
properties for this invention being the spectroscopic properties. Structured particles 
that meet the above definition are usually, but not necessarily in the range of 1 
nanometer to 1 nanometers in size, predominantly in the 1 - sub 900 nanometer 
range. The size of the structured particles will vary depending on the substance from 
which they are manufactured. The radius of the structured particle that meet the 
above definition is also usually, but not necessarily, smaller than the Bohr radius of 
the first excitation state of the substance from which the structured particle is 
fabricated. 

Where the Bohr radius is defined as 

r = IC^TZGG^^y / Cna^e=^)]n=^ 

where h^ = h /C2 tc) = (4. 1 36 x 1 0 '^ eV/s) / C2 tt:) 

Go = the permittivity in a vacuum 
m^ff = the effective mass of the particle 
e = the electron charge, I.602 x lO'"' C 
n = the quantum state 
E = dielectric constant 

At or near such dimensions, it is possible to see a change in a substances 
properties compared to the properties of a bulk substance. The plurality of structured particles 20 
can have a wide range of physical properties that may be engineered, as described herein, or 
selected for their usefulness in the electroluminescent device 1 0. 

Although not necessary, in the preferred embodiment the plurality of structured 
particles 20 are nonmetallic in nature. The plurality of structured particles are nonmetallic 
such that they do not quench the excited state of the emitting species through energy transfer 
to the electrons in the acceptor level of the emitting species. The plurality of structured 
particles are, however, capable of transporting charge to the emitting species. 

The plurality of structured particles only need evidence sufficient conductive 
properties to transp>ort electrons through a portion of the electron conductor to the emitting 

6 
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species. As such, the electron conductor 1 2 can be fabricated from, inter alia, inorganic 
materials, such as metal oxides, including ZnO, Ti02s SrTlOg, for example, and metals, 
among others. The electron conductor can be manufactured using an organometallic material as 
a precursor to the inorganic electron conductor 12. These materials have a higher 
electron mobility than most organic electron conductors. These materials are also be chosen 
such that they possess a low electron affinity, making them suitable to transport electrons to 
the emitting species. Moreover, when the plurality of structured particles 20 are metal oxides, 
the problems associated with oxidation are substantially eliminated. Other precautionary 
measures can also be circumvented, for example such as sealing. Thus, the electroluminescent 
device lO will be a more stable device. 

Although not necessary, in the preferred embodiment each of the plurality of 
structured pstrticles 20 are crystalline in nature. Thus, they are less susceptible to problems 
associated with heat generation in that they will not as easily transform into structures that 
facilitate short circuits. They also will reduce the production of heat in contrast to an impact 
ionis^ation device or a quantimn well device in that the structured particles do not have to be 
supplied with as large an amount of energy to transport the electrons through the electron 
conductor 12. Again, making the deAdce more stable. 

The crystalline character of the plurality of structured particles also allows one to 
control the electron affinity of the plurality of structured particles as the size of the plurality of 
structured particles approaches the Bohr radius of the first excitation state. 

The electron conductor 1 2, however, does not need to be fabricated as a 
crystalline layer of the plurality of structured particles 20- Hach of the plurality of structured 
particles 20 can be crystalline in nature while the layer of the plurality of structured particles 
will be amozphous. This enables the device to be febricated by less exp>ensive methods while 
again being more stable, and further benefiting £rom the crystalline aspects of the plurality of 
structured particles 20. 

As part of the fabrication process, the plurality of structured particles 20 must also be 
brought into electrical contact with one another. The contact established amongst the plurality 
of structured particles 20 need only be enough contact for electrons to be transported across the 
electron conductor 12. The contact can be physical contact or just sufficient proximity such that 
electrons can be transported to the emitting species 1 4 when under the influence of an electric 
field. 
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As those skilled in the art will realize, establishing the contact amongst the plurality of 
structured particles 20 can be accomplished in several ways, including thermal processes, inter 
alia, sintering or annealing and chemical process, oxidation, inter alia. The plurality of 
structured particles 20 can be brought into electrical communication with one another either 
during formation of the electrolvuninescent device 1 0 or as a final step in the fabrication of the 
electroluminescent device lO, 

A metallic contact layer (as shown in figure 2), the crystalline form of the plurality of 
structured particles 20, the emitting species 1 4 or the hole conductor 1 6 can be fabricated using 
numerous techniques, including growing them from seed material, such as by epitaxy or bulk 
crystal growth, for example, vapor deposition such as evaporation and sputtering, for example, 
or liquid phase techniques, among others. 

The emitting species 14 can be fabricated from many substances, including organic, 
inorganic or organometallic substances. An example of an organometallic substance includes a 
ruthenium complex, such as RuCII)tris(phenanthroline). Among the organic substances that can 
be used as an emitting species 1 4 include Alqj, inter alia, dyes, such as a dye derived fix>m 
squaiic acid, inter alia, or electrically conducting polymers. Further, a dye can be used in 
combination with other substances, such as Perylene Chromophore and RuCII)trisbipyridyl, for 
example. The bipyridyl groups can also be exchanged with phenathroline groups. Regardless, 
the emitting species 14 deposited upon the electroluminescent device lO has to be fairly thin. 

Alternatively, the emitting species 1 4 can comprisG a plurality of luminescent structured 
particles that are inorganic, organic or organometallic. The plurality of luminescent structured 
particles that comprise the emitting species 1 4 have many of the same or similar characteristics 
as the plurality of structured particles 20 that comprise the electron conductor 12, for example, 
the selection or engineering of the acceptor level of the plurality of luminescent structured 
particles. In addition, the plurality of luminescent structured particles can be selected such that 
the emit a predetermined wavelength of light based upon their internal bonding structure and 
their band-gap. 

The electroluminescent device 1 0 has an additional layer, the hole conductor 1 6. The hole 
conductor 16 is chosen such that it carries positive chax^ge towards the emitting species 14 when 
exposed to an applied bias. Due to internal equilibrium forces in the electroluminescent device 
1 0, the hole conductor 1 6 can also carry positive charge towards the emitting species 1 4 without 
the application of an electric field. One characteristic of such a hole conductor 1 6 is that it has a 

8 
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hig;h work function relative to the electron conductor 12. where a work function is the energy 
needed to remove an electron from the Fermi level to a point outside the surface of the 
substance. 

The electroluminescent device 1 0 efficiently produces photons, in that the electron 
5 conductor 12 transports electrons to the emitting species 14, while the hole conductor 1 6 carries 

positive charge to the emitting species 14. The presence of at least some overlap of the carrying 
of electrons and holes by the electron conductor and the hole conductor respectively contributes 
to the efficient production of photons when the electrons and holes recombine within the 
electroluminescent device. Where both transport elements the electron conductor 12 and the 

lO hole conductor 16 carr>' the charge owing to either the internal equilibrium forces or under the 

influence of an applied bias. 

The nature of the electronic contact between the hole conductor and the emitting species 
14 can be, while not necessarily so. less than the physical contact necessary between the 
emitting species 14 and the electron conductor 12. The electronic contact established between 

15 the hole conductor 16 and the emitting species 14 only has to be sufficient to enable the hole 

conductor 1 6 to transport positive charge to the emitting species 1 4. 

The hole conductor 1 6 can carry the positive charge in either a solid or liquid phase. 
As one skilled in the art wdll realize, the hole conductor 1 6 can be fabricated from numerous 
substances or combinations thereof, being limited only by the substances thermal and kinetic 

20 suitability with the emitting species 14 and its ease of fabrication. Axi example of a liquid phase 

hole conductor is a redox couple in a solvent, where the solvent may be aqueous or non-aqueous 
in nature. Hxamples of such a solvent include water or acetonitrile, inter alia. Hxamples of the 
ledox couple include an iodide/triodide couple or a ruthenium hexamine couple. The hole 
conductor 16 can also fabricated from an organic solid state species, such as any number of 

25 txiphenylamine derivatives, for example. 

Depending, on the nature of the hole conductor, the hole conductor can be applied to the 
electroluminescent device by several methods. It can be deposited &om solution and used in its 
polymeriased form, for example. The hole conductor 1 6 can also be fabricated so as to contact the 
emitting s^pecies 1 4 by the methods described above, where suitable. 

30 Hlectrically conducting polymers are also suitable for use as the hole conductor. 

examples include polj^henylenevinylene, polycarbazole among others. The electrically 
conducting polymer can be formed before or dviring the fabrication of the electroluminescent 
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device 1 0. and can likewise be cast onto the electroluminescent device or they can 
electropolymerize in situ after being brought into contact with a voltage source. 

When a voltage source 1 8 is placed in electrical communication with the 
electroluminescent device 1 0 it generates an electric field across the electroluminescent device 
1 O. The electric field so generated causes the plurality of structured particles 20 to transport 
electrons to the emitting species 14 and the hole conductor 1 6 to transport holes to the emitting 
species 1<4. 

Referring now to Figure 2 where another embodiment of the electroluminescent device 
30 is shown. As in the previous embodiment, the electroluminescent device 30 comprises, in 
sequence, an electron conductor 32, an emitting species 34, and a hole conductor 36. As in the 
previous embodiment the electron conductor 32 is comprised of a plurality of structured 
particles 42, which are in contact with the emitting species 34. The hole conductor 36 is also in 
contact with the emitting species 34. Also as in the earlier embodiment, a voltage source 46 
generates an electric field across the electroluminescent device 30. 

In this embodiment, in contrast to the previous embodiment, an anode 38 is provided on 
the hole conductor 36 and interposed between the voltage source 46 and the hole conductor 36. 
The anode 38 has a relatively high work function. The holes from the anode 38 are injected into 
the hole conductor 36 and then transported across the hole conductor 36 into the emitting species 
34 where they can combine v«th an electron to produce photons. The choices for the anode 38 
are well known in the art and include substances such as inditmi tin oxide ITO as well as organic 
species. 

The electroluminescent device does not need an additional layer to act as a hole conductor, 
an emitting species material or an anode can perform this function in the absence of a hole 
conductor. For example, one preferred embodiment of the electroluminescent device that does 
not contain a hole conductor comprises in sequence ITO, an alkaline earth titanate, poly 
phenylene vinylene (PPV), and aluminum. In this example the PPV is the emitting species, but 
it also conducts the holes. The alkaline earth titanate can be a strontium titanate, such as SrTiOs, 
for example. 

As the anode 38 provides the electroluminescent device 30 with an abundance of holes, a 
cathode AO similarly provides the electroluminescent device 30 with an abundance of electrons. 
The cathode 40 is then provided on the electron conductor 32 and interposed between the 
electron conductor 32 and the voltage source 46. Under the influence of the electric field. 
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generated by the voltase source, electrons are freed from the cathode 40 and emitted into the 
electron conductor 32. Thereafter, the electron conductor 32 transports the electrons into the 
emitting species 34 which therein combine with holes to produce photons. Preferably, the 
cathode 40 has a low work function such that when the electric field is applied across the 
cathode 40 the electrons will be separated from their orbital s and released into the electron 
conductor 32. The cathode 40 may be fabricated from an oxide thereby mitigating the effects of 
oxidation and decreasing the generation of heat. In addition, an oxide is well suited for use as 
the cathode 40 because the energy level of the conduction band is comparable with many 
materials commonly used for cathodes. The cathode of this embodiment should have an electron 
affinity less than 4 volts. 

After the electrons are injected into the electron conductor 32 they are transported from 
the electron conductor 32 into the emitting species 34 by the plurality of structured panicles 42. 
Preferably, the electrons enter the emitting species 34 at an energy state above the acceptor level 
of* the emitting species 34. Thus, they are energetic electrons. Optimally, these energetic 
electrons meet the holes and recombine to produce an electron at lower state of energy and a 
photon, seen as an emission of light. The transition energy required to produce a photon is: 



In practice the electroluminescent device 30 is fabricated such that the emitting species 
34 produces a photon of a specific wavelength of* light as the product of the radiative 
recombination of the electron and the hole. The wavelength of light can range &om the infrared 
spectrum to the visible spectrum. The wavelength of emitted light is related to its firequency of 
the emitted photon by the equation: 



E = hv 



where 



E = energy of the photon in eV 

h = 6.626 X 10'^'* eV-s, planks constant 

V = firequency of the photon in Hz or 1/s. 



X = 



c/v 



where 



c = 2.998 X 10* m/s, the speed of light 
X = wavelength of light in meters. 



The wavelength of light emitted is also related to the transition energy of the emitting 
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species 34 by the equation 

X= 1 .24 X 1 /E 

where E = transition energy in eV 

A = wavelength of light in meters. 

The transition energy of a substance is the change of energy between the electrons residing in 
the acceptor level of a substance and the electrons residing at the energy level to which the 
electron transitions. Thus, to produce blue light, without filters, having a wavelength of 
approximately 475 manometers, a material with a transition energy near 2.61 eV would have to 
be chosen as the emitting species 34. 

Even after the appropriate substances are chosen, the production of photons may be 
relatively low owing to numerous other reaction pathways available to the excited electrons, 
including rearrangement, photo dissociation, photo ionization, among others. One such reaction 
is recombination of the excited electron with a hole. Such a recombination produces an amount 
of energy less than the energy, E, necessary to emit a photon in the desired range. In order to 
minimize this loss of energy and increase the quantum efficiency of the electroluminescent 
device 30, it is desirable that the plurality of structured particles 42 not only exhibit the 
appropriate work function and electron transport properties, as would a suitable electron 
conductor, but that, among other properties, it also be non-reactive with the electrons that it 
transports to the emitting species 34. 

There are several ways to make the plurality of structured particles 42 non-reactive. One 
method is to make the plurality of structured particles 42 have a predetermined transition energy 
greater than the emitter transition energy or near the acceptor level of the emitting species 34. 
An example of one method to increase the transition energy of a substance is to decrease the 
dimensions of the substance and thus form a quantum dot. Hy choosing a substance with a 
different effective mass one choose an appropriate transition energy. Both of these phenomena 
can be illustrated using the time-independent Schrodinger equation. The Schrodinger equation 
is often used to solve for the energy-band structure of a crystalline solid. The Schradinger 
equation is as follows: 

[(-h^ / 2m)V^ + V(r)] ct> kCO = Ect>K(r) 



Where the solution <|>x(iO is a Hloch function. The Bloch theorem states that if a p>otential energy 
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V(r) is periodic w'ith the periodicy of the lattice, then the solutions of the Schrodinger equation 

are in the form of a Bloch function. A box can represent a simplified model of site in the lattice. 

The Schrijdinger equation solved for particle in a three-dimensional box can illustrate the 

dependence of the transition energy of the pluralit>' of structured particles 42 upon mass and 

5 dimension and <j>^(x,y,z). Using differential equations and boundary conditions the solution of 

the Schrodinger equation can be expressed in the form of 

E = [(-11= 7u2)/(2m)][(n,.^/a^) + (n, ^/b^) + (n, ^^/c^)] 

where n = the quantum numbers associated with each energy state of 

substance 

lO a, b:. and c = the dimensions of the particle 

m = mass of the particle 
ti= plartks constant divided by 27C. 

This equation can be simplified E=Eo (n^ ^"f- ti^~ riz") when solved for box with sides 
15 of the same length, such that a=b=c=l. This final relation and its simplified form demonstrate 

that the transition energy for each energy state is inversely proportional to the mass of the 
particle and the square of dimensions of the plurality of structured particles 42. Thus, 
decreasing the mass and the size of the particle such that the particle is a structured particle, it is 
clear that the transition energy of each quantum state becomes farther apart. 
20 The electron conductor 32 having of the plurality of structured particles 42 preferably 

has a predetermined transition energy higher than the energy of the acceptor level of the emitting 
species 34. In this way, even electrons that imdergo a non-radiative or a radiative transition will 
be at a state higher than the energy of the acceptor level of the emitting species 34. Depositing 
electrons into the emitting species 34 at a point where their energy is higher than the energy of 
25 the acceptor level of the emitting species 34 will facilitate the emitting species 34 to undergo a 

change of quantum state and emit a photon during the reaction. 

The electron conductor 32 is also chosen for its hole-electron recombination time. 
Optimally, the hole-electron recombination time of the electron conductor 32 should be greater 
than the hole-electron recombination time of the emitting species 34. Tlie quantimi efficiency of 
30 the electroluminescent devices can be written relative to the hole-electron recombination time. 

Where the quantum efficiency is a fraction of excited carriers that combine radiantly to the total 
recombination rate and they be written in terms of recombination times or life times as follows: 

n^ =R /R = T„/ (T„, T,) 
where n^ = quanttmi efficiency 
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R,= the radiative recombination rate where the 

radiati\'e recombination rate is the amount 
of hole-electron recombinations that 
produce photons 
R = the total recombination rate which included the 

non-radiative recombinations the 
T„, = the hole-electron recombination time, non- 
radiative life time 
= the radiative life time. 

The equation shows that quantum efficiency will approach 1 OO percent when the radiative 
lifetime approaches zero. TTius. the radiative life time should be small to give a high quantum 
efficiency. 

Using the plurality of structured particles 42 not only provides the electroluminescent 
device 30 with additional efficiency, it allows one to choose a combination of elements for the 
electron conductor 32. the emitting species 34, and. hole conductor 36 that without the plurality 
of structured particles created an inefficient or unstable device. For instance, the 
electroluminescent device can be fabricated with £in orgeinic emitting species and an inorganic 
electron conductor. Since emitting species fabricated from an organic substance are kxiown to 
have better emitting properties and, therefore, are aptly suited to be the emitting species 34. 

The plurality of structured particles 42 eliminates some of the problems associated 
during fabrication such as stacking faults as well as alleviating or mitigating stresses of the 
fabricated electroluminescent device 30. Because of the decrease in stress, an 
electroluminescent device with an organic emitting species will have a longer life time if it has 
an electron conductor 32 comprised of a plurality of structured particles 42. TTie art has 
predicted that stresses of considerable magnitude are present in electroluminescent devices with 
layers. One of the main causes of the stress are due to differences between the thermal 
properties of the deposited layer and the underlying layer. In a prior art electroluminescent 
device, the stress can cause holes to form in the cathode. The electroluminescent device having 
electron conductor 32 comprised of a plurality of structured particles 42 has less stress between 
the interfaces of the electron conductor 32 and accordingly less deterioration. 

In a third embodiment of the electroluminescent device 50, as shown in Figure 3, an 
emitting species 56, hole conductor 62, and a plurality of structured particles 54 are not 
fabricated in layers. However, they are part of an electroluminescent device SO that is 
integrated. This structure further serves to decrease stress in the electroluminescent device 50 
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and accordingly increase its life time. In this embodiment^ the restrictions that favor thin films, 
as are well known in the art. are mitigated or eliminated. The layers of the electroluminescent 
device can be thin, but it does not have to be thin. 

Tlie electroluminescent device 50 comprises an anode 64 and a cathode 66 both in 
electrical communication with a voltage source 58. Disposed between the anode 64 and the 
cathode 66 are the integrated form of the emitting species 56, hole conductor 62, and the 
plurality of structured particles 54. A voltage source 58 generates an electric field across the 
electrolimiinescent device 50. Again, the plurality of structured particles 54 trsinsmit the 
electrons under the influence of the electric field acting as the electron conductor to the emitting 
species 56, and the hole conductor 62 transports holes under the influence of the electric field to 
the emitting species 56, wherein the electrons and the holes meet and re combine to generate a 
photon. The transport of the hole conductor 62 and the electron 

conductor 54 can overlap in time while occurring at different positions within the 
electroluminescent device 50. Due to the integrated nature of the electroluminescent device 50, 
the transport can occur in parallel in different positions of the device, but at the same position 
with respect to an anode 64 or a cathode 66. The geographic position within the device where 
recombination most often occurs vsdll differ from the layered device and depend on the 
properties and energy characteristics of the electron conductor 54, the hole conductor, 62, and 
the emitting species 56, as well as the presence or the absence of a voltage source 68 and its 
characteristics. The electroluminescent device does not need an additional substance to act as a 
hole conductor, the emitting species material or an anode material can perform this function in 
absence of a hole conductor. 

In this embodiment the emitting species 56 is interposed between the plurality of 
structured particles 54 and the hole conductor 62, thus providing ease of fabrication. If the 
plurality of structured particles 54 is formed first, the remaining substances can be dispersed 
within the plurality of structured particles 54 by processes such as diffusion, inter alia. The 
plurality of structured particles 54 can be formed concurrently with or after the remaining 
substances. The plurality of structured particles 54 need only be brought into electrical contact 
with one another such that they can transport electrons to the emitting species 56- 

The emitting species 56 can be attached to surfoces of the plurality of structured 
particles 54 through a range of chemical attractions. The chemical attraction can range from 
covalent bonding to chelation to hydrogen bonding, and can be in combination with any amount 
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of coulombic or Van der Waals interactions with a portion of the surfaces of the plxirality of 
structured particles 54. The degree of attachment for the hole conductor 62 is not as essential. 

Figure 4 illustrates another embodiment of the invention. An electroluminescent device 
70 comprising a voltage source 98 and more than one of the electroluminescent devices as 
showo:! in Figure 3 positioned on each other. Hach electroluminescent device 70 contains a 
plurality of structured particles 72, 78, 84, and emitting species 74, 80. 86, and hole conductors 
76, 82, and 88. An advantage of this device is that one can fabricate the electroluminescent 
device to emit more than one wavelength of light-such that the ^rst emitting species 74 emits 
one predetermined wavelength of light while the second emitting species 80 emits a second 
predetermined wavelength of light and the third emitting species 86 emits a third predetermined 
wavelength of light. For example, a well known application in the art utilizes LCDs that emit 
red, blue and green. The electroluminescent device 70 can mimic an LCD that emits red. blue 
and green light, with or without filters. The first emitting species 74 would emit red, the second 
emitting species 80 would emit green and the third emitting species would 86 emit blue. It 
should be obvious to those skilled in the art, that the electrolimiinescent device 70 can be 
fabricated of one or more than one layer, where each layer contains a plurality of structured 
particles, an emitting species, and a hole conductor. 

It should also be obvious to those skilled in the art that the electron conductor comprised 
of the plurality of structured particles can also be used as the emitting species in any of the 
illustrated electroluminescent devices such that the electroluminescent device comprises in 
sequence a combination electron conductor and emitting layer juxtaposed to a hole conductor 
layer. In this embodiment the recombination of the holes and the electrons would primarily take 
place at a different position within the electroluminescent device. 

It should also be evident to those skilled in the art that the electroluminescent device can 
be fabricated without a hole conductor. 

The invention may be embodied in other specific forms without departing from the spirit 
or the essential characteristics thereof. The present embodiments are therefore to be considered 
in all respects as illustrative and not restrictive. The scope of the invention being indicated by 
the appended claims rather than the foregoing description. All the changes which come within 
the meaning and the range of equivalency of the claims sore therefore intended to be embraced 
therein. 
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1 . Aji electroluminescent device for generating light, comprising: 

a region comprising an organic hole conductor; 

an emitting species capable of emitting light in response to a hole-electron 
recombination: and 

a region comprising an electron conductor, the electron conductor comprising a 
plurality of structured metal oxide particles, at least some of which are in electrical 
communication with each other, 

wherein the hole conductor region and the electron conductor region are in 
electrical communication with a voltage source capable of generating an electric field across the 
electroluminescent device, 

2. The electroluminescent device of claim 1, wherein the emitting species functions 
as the hole conductor. 

3. The electroluminescent device of claim 2, wherein the emitting species comprises 
polyphenylenevinylene (^PPV). 

4. The electrolxmiinescent device of claim 2, wherein the emitting species and the 
electron conductor are located in the same single region. 

5. The electroluminescent device of claim 2, wherein said metal oxide is selected 
from the group consisting of alkaline earth titanates, ZnO and TiOa- 

6. The electroluminescent device of claim 1 , wherein the structured particles have a 
particle size in the range of 1 to 90O nm. 

7. The electroluminescent device of claim 1 , wherein the size of the istructuxed 
particles is selected to provide a transition energy greater than a transition energy of the emitting 
species or a transition energy of the structured particles near an acceptor level of the emitting 
species. 

8- The electroluminescent device of claim 1 , wherein at least a portion of the 
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Structured metal oxide particles are amorphous. 

9. The electroluminescent device of claim 1 , wherein at least a portion of the 
Structured metal oxide particles are crystalline. 

10. The electroluminescent device of claim 1. wherein the emitting species is 
comprised of an organic compound. 

1 1 . TTie electroluminescent device of claim 1 , wherein the emitting species is 
comprised of a material having an organometallic composition. 

12. Tlie electroluminescent device of claim 1, wherein the emitting species comprises 
a conductive polymer. 

13. The electroluminescent device of claim 1, wherein the emitting species comprises 
a compoimd selected from the group consisting of dyes derived from squaric acid, Alc^ 
Caluminum trisquinolate), Ru(II)trisbipyridyl complexes, RuCII)trisphenanthroline complexes, 
molecules containing a perylene chromophore, and polyphenylenevinylene polymeT, 

14. The electroluminescent device of claim 1 . further comprising: 

a cathode in electrical communication with and adjacent to the electron conductor 
region and in electrical communication with the voltage source which provides electrons to the 
plurality of structured metal oxide particles; and 

an anode in electrical communication with the hole conducting region and the 
voltage source which provides holes to the hole conducting region. 

15. The electroluminescent device of claim 14, wherein the cathode is comprised of 
an oxide material. 

16. The electroluminescent device of claim 15, wherein the cathode is compnrised of 
indium tin oxide (ITO). 
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1 7. An integrated electroluminescent device for generating light, comprising: 

a plurality of structured metal oxide particles in electrical contact with each other: 
an emitting species coating the metal oxide particles, the emitting species being 
capable of emining light in response to a hole-electron recombination; and 
an organic hole conductor, 

wherein the emitting species-coated structured metal oxide particles and the 
organic hole conductor are positioned and arranged to form an integrated electroluminescent 
device, 

wherein the integrated electroluminescent device is an electrical commimication 
with a voltage source capable of generating an electrical field across the integrated 
electroluminescent device. 

18. The electroluminescent device of claim 17. wherein the emitting species 
functions as the hole conductor. 

1 9. The electroluminescent device of claim 1 7, wherein the emitting species 
comprises polyphenylenevinylene (PPV). 

20. The electroluminescent device of claim 1 7, wherein said metal oxide is selected 
fi-om the group consisting of ZnO, TiOj and SrTi03. 

21 . The electroluminescent device of claim 20, wherein the structured particles have 
a particle size in the range of 1 to 900 nm. 

22. The electroluminescent device of claim 20, wherein the size of the structured 
particles is selected to provide a transition energy greater than a transition energy of the emitting 
species or near an acceptor level of the emitting species. 

23. The electroluminescent device of claim 17, wherein at least a portion of the 
structured metal oxide particles are amorphous. 



24. 



The electroluminescent device of claim 1 7, wherein at least a portion of the 
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Structured metal oxide particles are crystalline. 

25- The electroluminescent device of claim 1 7. wherein the emitting species 

comprises a compound selected from the group consisting of dyes derived from squaric acid, 
Alq3 (aluminum trisquinolate). Ru(II)trisbipyridyl complexes. Ru(II)trisphenanthroline 
complexes, molecules containing a perylene chromophore. and polyphenylenevinylene polymer. 

26. The electroluminescent device of claim 1 7, further comprising: 

a cathode and anode in electrical communication with the voltage source and 
between which are disposed the emitting species, hole conductor, and plurality of structured 
particles. 

27. The electroluminescent device of claim 17^ further comprising: 

a plurality of integrated electroluminescent devices, each of which is in electrical 
commimi cation with said devices, to which it is adjacent, each said device comprising a plurality 
of structured metal oxide particles^ emitting species and hole conductor, wherein the emitting 
species of each said device is selected to emit at a predetermined wavelength of light. 

28. The electroluminescent device of claim 27, wherein the predetermined 
wavelength of light differs for each emitting species of each said integrated device. 

29. The electroluminescent device of claim 1 , wherein the regions are layers. 
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